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 Benzenesulfonates, para-substituted with amine, chloride and methyl groups were 
successfully incorporated into layered double hydroxides of two different compositions, 2:1 Mg-
Al LDH and 2:1 Zn-Al LDH. These parent materials were also doped with small amounts of 
nickel and the differences in the two systems were studied. 
 The hexamethylenetetramine route of layered double hydroxide synthesis was 
investigated to verify if the mechanism is indeed homogeneous. This included attempting 
preparation of 2:1 Mg-Al LDH, 2:1 Zn-Al LDH and 2:1 Zn-Cr LDH with two different 
concentrations of hexamethylenetetramine. The analytical data of the products suggest that the 
homogeneous precipitation may not be the true mechanism of reaction involved in LDH 
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 The major part of this thesis is concerned with layered double hydroxides of various 
compositions and their properties. It is only apt, therefore, to include an introduction to layered 
double hydroxides along with a brief historical overview. 
 
1.1.  Structure and Composition 
 Layered double hydroxides (LDHs) as a class have been studied for over a century now, 
starting in the middle of the 19th century. By the year 1967 the structure of these materials was 
correctly identified and published 1-7. They were found to contain both the divalent and trivalent 
metals in the sheets as shown in the schematic Figure 1.1. These materials have a general 
formula [MII1-xMIIIx(OH)2x]x+(An-)x/n.mH2O where MII represents an divalent metal, MIII 
represents a trivalent metal and An- an anion. These materials are popularly known as 
hydrotalcite-like materials and anion exchanging clays. They are composed of brucite like layers 
in which a part of the magnesium ions is replaced by trivalent metal ions. These trivalent metal 
ions give the sheet a net positive charge, which the latter neutralize by housing anions in the 
interlayer space. Usually some amount of water is also found in the interlayer space along with 
the anions. The anions in the material are exchangeable with other anions and this property of 
anion exchange makes layered double hydroxides academically interesting and commercially 
valuable. 
 The charge density of the anion plays an important role in its capability to replace an 
anion in the interlayer space of the LDH. More the charge density more is the ion’s exchanging 
capacity. The monovalent ions generally are easily replaceable with divalent ions and this is the 
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reason for making chloride or nitrate precursor for many LDHs with divalent anions. Many 
organic anions with comparatively large sizes are also intercalated into the LDH by making a 
chloride or nitrate precursor and exchanging it with these anions 8. 
The metals in the layers are usually di and trivalent. There are exceptions to this and 
monovalent metals like lithium along with tetravalent metals like titanium were used to make 
some LDHs8. The divalent metal ions usually found in LDHs are Mg, Fe, Co, Ni, Cu, Zn, Ca etc 
and some usual trivalent metal ions are Al, Cr, Fe, Co, Ni, Ga, Ln etc8. 
 
Figure 1.1: Schematic of typical layered double hydroxide. Two layers of the metal hydroxides 
can be seen in the figure. The interlayer space has nitrate and other anions in this figure. [Figure 
is taken from Journal of Solid State Chemistry 162, 52-62 (2001)]. 
 
1.2.  Anions in the Gallery Space 
 The space between the two layers of metal sheets is called the interlayer space and the 
resultant distance when the thickness of the layers is subtracted from this is called gallery height. 
So, gallery height is the space the anions can occupy. The orientation of different anions in this 
space is different and is found to be dependent on their charge, structure and dimensions.  LDHs 
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in nature usually contain carbonate and in some cases exist with chloride or sulfate as interlayer 
anions9-15. 
 The anions present can be either monovalent like Cl-, OH-, NO3- or divalent like CO32-, 
SO42-, and some tetravalent groups like [Fe(CN)6].4- 9,10, 16-23 
Small anions with greater symmetry like CO32-, NO3- generally align themselves parallel 
to the brucite-like layers. The symmetry of the anions is found to be changing with the change in 
the trivalent metal concentration in the layers and this is to have maximum possible interaction 
between positive charges in the layers with negative charge of the anion. The Carbonate anion, 
existing in the D3h symmetry changes to tilted C2V in LDH with trivalent cation concentration 
reaching 0.4424. Nitrate on the other hand exists in tilted shape even in lower concentrations of 
trivalent cation due to its lower charge density compared to that of carbonate 25.  
The tetrahedral anions like SO42-, MoO42-, CrO42-, PO43-, ClO4-, CoCl42 and NiCl4- can 
exist in either of the two possible ways of orientation, one of which is with the pyramidal portion 
lying perpendicular to the sheets in which three atoms face one sheet and one faces the other. 
ClO4- ions in LDH-ClO4- are in this orientation 26. The other type is in which the C2 axis of the 
tetrahedral structure is perpendicular to the sheets where two atoms face each sheet. SO4- ions in 
LDH- SO4- are in this orientation. 
The octahedral Fe(CN)63-, when present in the gallery distorts slightly and this is was 
explained to be because of the hydrogen bonds between cyanide nitrogen and the hydroxyl 
groups of the layers 27, 28. 
When the intercalating anion is organic, which can be a carboxylate or a sulfonate the 
layers may contain between them a single layer or a double layer or even a partial overlap 
packing of the anion as the hydrophobic chains of the anions tend to attract each other in. The 
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nature of the packing depends both on the concentration of the anion and also the temperature of 
the reaction. Single layer is favored when the ratio of the anion to the trivalent metal is close to 
1. A bilayer results when this ratio of the organic compound and the trivalent metal is more than 
one i.e., in the presence of excess interlayer species. 29-32 (This condition can arise when neutral 
molecules such as carboxylic acids are incorporated even at high pH conditions 31.) 
The substituted benzene sulfonates, the anions for the LDH for the major part of this 
thesis, when in the interlayer are believed to be standing erect with the negative charge towards 
the layers of the LDH, and the sulfate group hydrogen bonded to the layer hydroxides. 
 
1.3.  Synthesis 
 There are many procedures by which LDHs can be obtained, among which the direct 
precipitation method is the most commonly employed one, for, it is simple and reliable. In this 
method the common solution of metal salts is added with the required alkali. 50%w/w sodium 
hydroxide is very useful for this, in that it avoids the transfer of carbonate formed in it into the 
LDH as it is precipitated out of the solution because of common-ion effect. 
When aluminum is the trivalent metal in this method, aluminum hydroxide forms as an 
intermediate which is then acted upon by more alkali to produce LDH. This is reflected in the 
titration plot as an additional plateau. 
LDHs with Cr (III) as the trivalent cation show a different path in their formation.  They
show a single plateau which corresponds to the pH of formation of the LDH. 
 There are numerous modifications of direct method of LDH synthesis which include 
coprecipitation, a technique in which all the cations and anion precipitate in the solution 
simultaneously at a constant pH 33-35. 
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 The material obtained from the above mentioned methods is poorly crystalline in nature 
and can be improved by certain techniques which involve employing increased temperatures. 
This process is called ‘aging’ and is usually done by gentle reflux at a temperature of 90-1000C 
for 24hrs. This improves the crystallinity through Ostwald ripening 36-38 in which large 
crystallites form by dissolution of small particles and their reformation. 
 Hydrothermal treatment 39-42 also yields materials of improved crystallinity. This method 
is employed in the preparation of materials discussed in Chapter 4. In this method the common 
solution of salts along with the alkali is heated above 1200C in a sealed vessel. This helps in 
dissolution and recrystallization of LDH during its formation. 
 
1.4.  Anion Exchange 
One of the most common names of LDH is ‘anionic clays’ and this is so because they are 
excellent exchangers of anions. This exchange of the interlayer anion for another anion of choice 
in solution is undoubtedly the single most important feature of LDH research around the world. 
The only condition an anion has to satisfy to be able to be incorporated into LDH is that its area 
per unit charge should not be greater than the area per unit charge of the LDH sheet 43-45. 
Different kinds of anions are incorporated into the LDH by anion exchange method. For 
this, an LDH precursor with nitrate or chloride ion is prepared which is then made to exchange 
its anion with the anion of choice. This exchange is a simple process in which the LDH precursor 
is dispersed in water and stirred with a solution containing excess of the required anion. The 
order of preference of exchangeable anions can be given as 40, 46, 47: 
 
NO3- < Br- < Cl- <F- < OH- < MoO42- < SO42- < CrO42- < HAsO42- < HPO42- < Napthol Yellow2-< CO32- 
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1.5.  Thermal Properties 
 Layered double hydroxides are unstable at moderately high temperatures and their 
structure was found to collapse upon heating.  Thermogravimertric analysis (TGA) of LDH 
samples shows that they lose about 30-40% weight upon heating to 5000C. This weight loss is 
due to the fact that they lose physically adsorbed water, water in the interlayer space, hydroxides 
of the sheets and the interlayer anions in gradual and individual steps. These calcined products 
recover to some extent upon exposure to moist air or when immersed in aqueous solutions 
containing anions 48-51. 
 The surface water starts to come out of the material at about 1000C and this step is 
complete when the temperature reaches 1050C. Miyata 52, 53 proposed that the loss of interlayer 
water is responsible for the weight reduction step around temperature 2800C which can be 
observed on a differential thermal analysis (DTA) plot. This and other observations about the 
thermal properties of the LDHs are for the Mg Al LDH with carbonate as interlayer anion. LDHs 
with different anions show different thermal behaviors as these patterns depend on their anions 
and the atmospheric conditions under which the study is conducted. 
 The other distinct features in the DTA of carbonate LDH occur at 4000C and 4500C. They 
can be attributed to loss of structural hydroxide groups and the interlayer carbonate 
respectively54. Increasing the calcination temperature to about 5000C highly disordered MgO is 
obtained. This disorder may be because it has some amount of Al3+ in it. Upon increasing the 
temperature to about 10000C well crystallized MgO along with MgAl2O4 spinel is formed 55-57. 
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 This chapter is dedicated to introducing the techniques employed for the characterization 
of the materials synthesized for the research.  
 
2.1  X-ray Diffraction (XRD) 
 Powder X-ray diffraction is the main identification tool for the layered double hydroxides 
(LDHs) as it gives the information about the crystal structure of the material, which can be 
compared to the known patterns to identify the material. The typical XRD patterns of LDHs with 
common anions show the diffraction planes indexed in 3R11-3. Based on crystallographic 
evidence we assume rhombohedral structure for the LDHs and the usual basal spacings as d003, 
d006, d009 etc which correspond to the interlayer spacing are  obtained from the XRD pattern of a 
material and each of them can give us the exact interlayer spacing upon multiplication with an 
appropriate integer. The non-basal spacings like d110 give the measure of the parameter ‘a’. 
 The X-ray diffraction pattern of a substance is unique for it and thus finding exact match 
of pattern often means establishing the identity of the substance. The XRD is based on Bragg’s 
law 4: 
                    nλ = 2d * sinө 
where λ is the wave length of the x-ray beam, d is the interplanar distance, ө is the angle 
between the incident x-ray and the reflecting crystal plane, and n is an integer representing the 
order of  reflection (in crystallography, by convention n=1). The condition for a crystal to reflect 
x-rays, according to Bragg’s law is that the sine of angle of incidence, sinө = nλ/2d. 
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2.2  Infrared Spectroscopy 
 Infrared spectroscopy is another important tool for the characterization of layered double 
hydroxides 5-9. Although it is not sufficient to fully characterize the materials, it is very useful, 
for some peaks give valuable information. LDH materials with different divalent and trivalent 
metals in their sheets show some specific peaks in their infrared spectrum. For example the aged 
2:1 Mg-Al LDH has a distinct and characteristic peak around 444 cm-1,  aged 2:1 Zn-Al LDH 
has one around 425 cm-1. These peaks are absent or very weak in fresh spectra and thus can help 
us in distinguishing between fresh and aged materials 10-12. 
 The typical peaks observed for common inorganic anions are well reported and help us 
identify the compound unequivocally. The peaks at 1350-1380 cm-1 and 670-690 cm-1 for 
example are proofs for the presence of carbonate in the LDH. Similarly peaks around 1384 cm-1, 
830 and 750 cm-1 are indicative of nitrate. Other inorganic anions like sulfate, ferrocyanide, 
silicate, ferricyanide, show their characteristic vibration bands in the mid-infrared region.  
Infrared spectroscopy is especially useful for the organic interlayer ions as it is well 
established that it is a standard technique for identification of organic functional groups like CH, 
CN, COO, CC, SO3, OSO3, and NO2. Cations present in the layers and the hydrogen bonding 
exhibited of some of these ions tend to cause these peaks to shift a bit, however. 
 
2.3  Atomic Absorption Spectroscopy (AAS)  
 Atomic absorption spectroscopy is a common technique for the identification of metal 
concentration in the material under analysis. It is based on the fact that ground state metals 
absorb light at specific wavelengths. So, the metals in the solution state are converted to their 
ground state selves by passing them through the flame. Light of appropriate wavelength is then 
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supplied and the amount of this light absorbed by the metal is measured. It is a simple and 
efficient technique for an LDH chemist as it gives the concentrations of divalent and trivalent 
metals present in its layers. It also gives information about the metallic anion groups that can be 
present in the interlayer.  
The metals ratio in the layer is very important for the LDH chemistry and this when 
combined with the CHN analysis gives a nominal chemical formula for the material being 
analyzed. 
 
2.4  Thermogravimetric Analysis (TGA)   
 Thermogravimetirc analysis is the technique in which the change in weight of the 
material under analysis is measured under conditions of changing temperature. It gives the 
behavior of the material under elevated temperatures. Usually the weight loss percentage is 
plotted against temperature in TGA. The differential of this weight loss called DTA gives us the 
temperatures of peak weight losses which can then be interpreted depending upon the material 
under study. 
 Layered double hydroxides are often tested for their behavior under different temperature 
conditions to understand their stability and effectiveness as catalysts or additives. The common 
weight reduction points we see in the DTA of a layered double hydroxide correspond to loss of 
adsorbed water, dehydroxylation which is the loss of hydroxyl groups in the layers causing the 
structure to collapse and the one corresponding to the loss of interlayer anion. 
 A carefully weighted amount of the material is analyzed by TGA under atmospheres of 
inert gases like N2 or under air to observe the behavior of the material in those atmospheres 
respectively. Layered double hydroxides usually yield the oxides of the metals present in the 
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layers upon heating up to 5000C  (MgO for example) and up on heating further to 10000C give 
spinels (such as MgAl2O4). 
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INTERCALATION OF SULFONATES INTO THE Mg-Al AND Zn-Al LDH NITRATE 
PRECURSORS AND ANALYSIS OF THE PRODUCTS 
 
3.1  Introduction and Motivation for the Work 
            Intercalation of sulfonates into layered double hydroxides (LDHs) and their 
characterization is well documented 1-4. The anions p-toluene sulfonate and 4-
chlorobenzenesulfonate which are discussed in this chapter were intercalated into LDHs prior to 
this work also 6-10. The motivation for the use of these specific anions for the research is the idea 
of synthesizing a set of compounds which when blended with some polymers like PET act as 
flame retardants 11.  
This part of the thesis deals with the synthesis and analysis of 2:1 Zn-Al and 2:1 Mg-Al 
LDHs with three different anions. The anions used for this purpose are benzene sulfonic acids 1-4 
para substituted with amine (in the case of sulfanilic acid), with methyl group (in the case of p -
toluenesulfonic acid) and with chloride (in the case of 4-chlorobenzenesulfonic acid). These 
LDHs were also altered from the parent by doping them with nickel to replace a fraction of the 
divalent metal present, which is either magnesium or zinc and their properties were also studied. 
Data for the doped materials are presented in tandem with that of the parent for the purpose of 
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Figure 3.1: (a) Sulfanilate anion (b) p -toluenesulfonate anion (c) 4-chlorobenzenesulfonate 
anion. 
 
3.2  Starting Materials 
All the materials used in the synthesis of the LDHs that will be discussed here are 
obtained from the manufacturers and listed in Table 3.1 along with their grades. The materials 
were used as they were bought i.e. without further purification. The sulfonic acids were 
neutralized with sodium hydroxide to get their sodium salts and were isolated in the way 
described later in the chapter, before they were used for exchange. The water used was freshly 
purified by ‘Milli-Q academic’ (18MΏ cm-1). 
 
3.3  Synthesis  
Preparation of LDHs was done in a two step procedure where the first step was to make 
the LDH with nitrate as the anion and the second to exchange this nitrate with the desired 
sulfonate anion.  
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Table 3.1 Chemicals used for the synthesis of compounds studied and their sources. 
Name Grade Supplier 
Al(NO3)3.9H2O 98.-102% Alfa Aesar 
Mg(NO3)2.6H2O 98% Alfa Aesar 
Zn(NO3)2.6H2O 98% Sigma-Aldrich 
NiCl2.6H2O ReagentPlus Sigma-Aldrich 
NaOH 50%w/w aq. Soln. Alfa Aesar 
Sulfanilic acid 99%, A.C.S. reagent Sigma-Aldrich 
p-toluenesulfonic acid 99% Acros Organics 
4-chlorobenzenesulfonic acid Tech, 90% Aldrich 
 
In the preparation of LDH nitrate the trivalent and divalent metals salts of nitrate 
calculated to give 25gm of LDH were dissolved together in water to get 0.1M and 0.3M 
concentrations respectively. This solution of metal salts was heated to 400C and then 50%w/w 
sodium hydroxide was added to the solution for neutralization. The ratio of hydroxide added to 
the Al in the LDH is 6:1 as there are six moles of hydroxide per each 2:1 LDH. This mixture was 
refluxed at a temperature of 90-1000C for 24hr under a nitrogen gas blanket with continuous 
stirring. After 24hr the LDH slurry is allowed to cool for a while and then it is centrifuged to 
separate LDH from the mother liquor. LDH thus obtained is not entirely free from the ions in the 
mother liquor and so it was washed twice with water, again by centrifugation. Initially a 3:1 ratio 
of divalent metal to trivalent metal was taken for the preparation of 2:1 LDH because the excess 
divalent metal acts a buffer for the changes in pH occurring during the titration. 
In the second step, the LDH nitrate was dispersed in water and a solution of the sulfonic 
acid salt (anion of choice for the exchange), which has same number of moles of salt (twice the 
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number in case of sulfanilate) as there are of nitrate in the LDH, was added to it while stirring the 
slurry thoroughly. The stirring of the slurry was continued under continuous nitrogen flow for 
about an hour before it was centrifuged and washed twice. The obtained LDH with the desired 
anion was then dried in a large watch glass in the hot air oven at a temperature of 700C, ground 
and stored for analysis. 
The salts of sulfonic acids were made in the laboratory by neutralizing the acids with 
required amount of 50%w/w Sodium hydroxide.  For this the solution of sulfonic acid in water 
containing as many moles of acid  as there are those of aluminum in the LDH was titrated with 
equal number of moles of sodium hydroxide. The salt was then isolated using a Rotovap and 
then its solution in water was made and used for the exchange. 
A third step was also carried out in the preparation of nickel doped samples, which was 
incorporation of a small amount of nickel into the LDH. For this purpose, a solution of nickel 
chloride which was equimolar to the Al in LDH was added to the LDH of the required anion 
dispersed in water. This mixture was also stirred for an hour and then centrifuged and washed 
twice before it was dried and stored. 
 
3.4  Results 
3.4.1  Sulfanilate 
 The sulfanilate for the exchange was obtained by neutralizing the sulfanilic acid from the 
manufacturer with required amount of 50%w/w sodium hydroxide. 
 
 a.  2:1 Mg-Al LDH Sulfanilate 
The exchange of the nitrate in the LDH was not complete with 1:1 ratio of sulfanilate to 
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nitrate. The ratio had to be increased to 2:1 to get reasonably complete exchange. The reason for 
this can be that sulfanilate is much less soluble in water and hence the amount of anion available 
in the solution is always limited. Intercalation of sulfanilate into LDH was not done prior to this 
work. The infrared spectrum sodium sulfanilate5 given in Figure 3.2 shows sharp peaks at 1033, 
1174 and 1224 cm-1, for the symmetric and asymmetric S=O; sharp peaks at 1008, 1123 and 
1502 cm-1 for the aromatic CH groups and the aromatic C=C. The assymetrical and symmetrical 
stretching modes of NH3+occurring at 1572 and 1541 cm-1 in the sulfanilic acid are not expected 
to be present in its sodium salt 5. The presence of sulfanilate in the LDH is confirmed by 
matching the infrared spectral peaks of sodium sulfanilate in Figure 3.2 to those in the LDH 
infrared spectra in Figure 3.3.  The presence of 2:1 Mg-Al LDH is confirmed by the peak around 
444 cm-1. The peak around 1384cm-1 in Figure 3.3, though less prominent than in the  infrared 
spectrum of the nitrate precursor, given in Figure 3.4 is evidence that some amount of nitrate 
remains in the product even after exchange. This is a common occurrence in LDH exchange 
reactions because some of the nitrates are caught between neighboring anions or water molecules 
and are not available for exchange. This peak can be seen in all of the LDH spectra that will be 
presented in this chapter. The peak at 1384cm-1 is indicated by asterisk mark in all the infrared 
spectra provided in the chapter to act as reference with the parent LDH and give an estimation of 
extent of exchange that took place. 
The 2:1 Mg-Al LDH sulfanilate was further altered by incorporating some nickel in it. 
The infrared spectrum of this material is shown in the Figure 3.7. The infrared spectra of the Mg 
Al LDH sulfanilate with and without nickel doping look almost the same and both of them have 
the peaks around 444 cm-1, indicating that the Mg2Al(OH)6 framework is intact 10. This can be 
due to the fact that the amount of nickel getting into the LDH was small and the ratio of Mg to 
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Ni was nowhere near 1:1. Atomic absorption data given in the Table 3.2 of these materials also 
confirm this idea. The measured ratios of metals are seldom round figures and in the case of Mg 
Al LDH they are closer to 2, but the materials will be referred to as 2:1 materials throughout the 
chapter for the sake of convenience and to avoid confusion. 
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 Figure 3.2: FTIR spectrum of sodium sulfanilate. 
 
Table 3.2: Atomic absorption spectroscopy data and elemental analysis data for 2:1 Mg-Al LDH 
sulfanilate with and without nickel (for the elemental analysis, T stands for theoretical and E 
stands for experimental). 
 
LDH Sample %Mg %Al %Ni Mg : Al Mg : Ni (Mg+Ni:Al)  
Mg-Al Sulf 11.4 7.0 - 1.8:1 - 1.8:1 
Mg-Al Sulf-Ni 13.2 7.0 3.3 2.1:1 9.7:1 2.2:1 
 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Mg-Al Sulf 3.62 3.96 18.67 13.12 4.17 3.62 8.31 4.40 
Mg-Al Sulf-Ni 3.66 2.05 18.80 11.55 4.21 3.75 8.37 4.27 
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Figure 3.3: FTIR spectrum of 2:1 Mg-Al LDH sulfanilate. Residual nitrate is indicated by the 
asterisk*. 
4 0 0 0 3 5 0 0 3 0 0 0 2 5 0 0 2 0 0 0 1 5 0 0 1 0 0 0 5 0 0














c m - 1






1 0 2 0 3 0 4 0 5 0 6 0 7 0
0
5 0 0
1 0 0 0
1 5 0 0





2  T h e t a
 
Figure 3.5: XRD pattern of aged 2:1 Mg-Al LDH NO3. d003 is indicated by the asterisk*. 
 
 
The XRD patterns of the Mg-Al LDH sulfanilate and Mg-Al sulfanilate with Ni are 
presented in Figures 3.6 and 3.8 and their similarity supports the assumption of minimal 
incorporation of nickel and also provides proof of no structural change in the LDH layers after 
nickel doping. The pattern for Mg-Al sulfanilate has a d003 of 16.32 which corresponds well with the 
size of sulfanilate anion plus the layer width.  The peaks in the nickel doped material at 11 and 220 
2theta and the d-spacing of 7.7Ǻ for peak at 110 2theta, which is also the angle for d006 of 
sulfanilate, indicate presence of chloride in the interlayer spacing. The intercalation of chloride 
form the nickel chloride exchange could have caused this change. The decrease in the intensity 
of the d003 peak of sulfanilate around 50 2theta can also be explained by this assumption. The 
complete list of d-spacings with tentative assignments is given in Table 3.3 the atomic absorption 
spectroscopy data in Table 3.2 shows that there is very small amount incorporation of nickel in 
the material after doping and the ratio of the Mg to Al in this material remained close to 2. The 
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elemental analysis data presented in Table 3.2 shows that the experimental values for 
%C,%H,%N and %S are less than the theoretical values . This can be due to the incomplete 
exchange of nitrate in the precursor for the sulfanilate. 
The comparisons of TGA and DTGA carried out in both air and nitrogen, presented in 
Figures 3.9 and 3.10 respectively show some significant change in the thermal behavior of the 
materials with and without nickel doping. The 2:1 Mg-Al LDH sulfanilate containing nickel 
needed higher temperatures for the first two weight loss steps but the final step occurs at slightly 
lower temperature for it than for the parent material this may be due to the difference in the 
interlayer composition i.e. presence of chloride in the material with nickel. The final %weight 
losses for both the materials in nitrogen are not very different from each other, the numbers 
being 46.17 and 48.10 for materials without and with nickel doping respectively and final 
residues after heat treatment are dark black in color for both the materials which can be 
interpreted as the color of the carbonaceous residue left. They show about same %weight losses 
in air also with 50.53% weight loss for material with nickel and with 49.58% for nickel doped 
material. The %weights of the Mg and al oxides which are the possible residues left after thermal 
decomposition are 55.5 and 56% for materials without and with nickel and these values agree 
well with the experimental %weight losses.  The residue collected after TGA measurement for 
material without nickel in air is light brown, due may be to presence of some char along with the 
metal oxides and the nickel doped sample retains its pale green color which is color of nickel 
oxide which may be present along with aluminum and magnesium oxides. The weight loss steps 




Table 3.3 XRD data of 2:1 Mg-Al LDH sulfanilate with and without nickel. 
2:1 Mg-Al LDH sulfanilate 
 
(003) (006) (009) (0012/0015) (110/113) 
Angle 5.65 10.99 19.30 35.05 60.89 
d-spacing 15.63 8.04 4.59 2.56 1.52 
2:1 Mg-Al LDH sulfanilate 
with Ni: 




(0012 of Cl) (110/113) 
Angle 5.70 11.35 22.99 34.95 60.75 
d-spacing 15.48 7.78 3.86 2.56 1.52 
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Figure 3.6: XRD pattern of 2:1 Mg-Al LDH sulfanilate. d003 is indicated by the asterisk*. 
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Figure 3.7:  FTIR spectrum of 2:1 Mg-Al sulfanilate with nickel. Residual nitrate is indicated by 
the asterisk*. 
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Figure 3.8: XRD pattern of 2:1 Mg-Al LDH sulfanilate with nickel. d003 is indicated by the 
asterisk*. 
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                                  (a)                                                                       (b) 
Figure 3.9: (a) TGA comparison of 2:1 Mg-Al LDH sulfanilate with and without nickel in 
nitrogen.  (b) DTGA comparison of 2:1 Mg-Al LDH sulfanilate with and without nickel in  
nitrogen. 
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(a) (b) 
Figure 3.10: (a) TGA comparison of 2:1 Mg-Al LDH sulfanilate with and without nickel in air. 




b.   2:1 Zn-Al LDH Sulfanilate 
 In the case of 2:1 Zn-Al LDH nitrate also a 2:1 ratio of sulfanilate to nitrate was needed 
to get a nearly complete exchange. The peak around 425 cm-1 in the infrared spectrum in Figure 
3.11 confirms the presence of 2:1 Zn-Al LDH. The infrared spectrum of nitrate precursor for this 
exchange is given in Figure 3.13.There was almost complete exchange of nitrate for sulfanilate. 
The residual nitrate peak around 1384cm-1, indicated by asterisk in the spectrum is very small. 
 The 2:1 Zn-Al LDH sulfanilate was also doped with nickel and the analytical data of both 
the parent and the nickel doped LDH were compared. The infrared spectra in Figures 3.11 and 
3.12 show no significant differences. The XRD patterns in the Figures 3.15 and 3.16 of the 
materials are also not different in their d003 values with the values being 15.61 and 15.56 for 
material without and with nickel respectively and this is an increase from the d-spacing of 8.85 
for the nitrate precursor whose XRD pattern is given in Figure 3.14. The complete peak 
assignments for the XRD patterns for both the materials are given in the Table 3.5 and they show 
no significant differences.  This, when coupled with the fact that the atomic absorption data 
shown in the Table 3.4 indicate the presence of nickel, leads us to believe that the nickel present 
is adsorbed on to the surface of the LDH layer and is neither in the gallery space nor ‘in’ the 
LDH sheets. The amount of nickel uptake however is very small and the ratio of Zn to Al in the 
Ni doped materials is also 2:1. The elemental analysis data is also presented in the Table 3.4 and 






Table 3.4 Atomic absorption spectroscopic results and elemental analysis data for 2:1 Zn-Al 
LDH sulfanilate with and without nickel (for the elemental analysis, T stands for theoretical and 
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Figure 3.11: FTIR spectrum of 2:1 Zn-Al LDH sulfanilate. Residual nitrate is indicated by the 
asterisk*. 
LDH Sample %Zn %Al %Ni Zn : Al Zn : Ni (Zn+Ni):Al 
Zn-Al Sulf 26.7 5.8 - 1.9:1 - 1.9:1 
Zn-Al Sulf- Ni 27.9 5.7 1.0 2.0:1 23.6:1 2.0:1 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Zn-Al Sulf 2.99 3.16 15.39 15.48 3.44 3.38 6.85 7.04 
Zn-Al Sulf-Ni 2.98 2.76 15.33 14.42 3.43 3.41 6.83 6.50 
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Figure 3.12:  FTIR spectrum of 2:1 Zn-Al sulfanilate with nickel. Residual nitrate is indicated by 
the asterisk*. 
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Figure 3.13: FTIR spectrum of aged 2:1 Zn-Al LDH NO3. Nitrate peak is indicated by the 
asterisk*. 
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Figure 3.14:  XRD pattern of aged 2:1 Zn-Al LDH NO3. d003 is indicated by the asterisk*. 
 






1 0 0 0
1 2 0 0
1 4 0 0
1 6 0 0










2 - T h e t a ( d e g )
 
Figure 3.15: XRD pattern of 2:1 Zn-Al LDH sulfanilate.d003 is indicate by the asterisk*. 
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Figure 3.16 XRD pattern of 2:1 Zn-Al LDH sulfanilate with nickel.d003 is indicated by the 
asterisk*. 
 
Table 3.5 XRD data for 2:1 Zn-l LDH sulfanilate with and without nickel. 
2:1 Zn-l LDH sulfanilate (003) (006) (009) (0012) (0015) (015) (110/ 113) 
Angle 5.65 11.39 17.20 23.08 33.78 35.39 60.28 
d-spacing 15.61 7.76 5.15 3.85 2.65 2.53 1.53 
2:1 Zn-l LDH sulfanilate 
with Ni: 
(003) (006) (009) (0012) (0015) (015) (110/ 113) 
Angle 5.67 11.41 17.22 23.08 33.79 34.99 60.21 
d-spacing 15.56 7.74 5.14 3.85 2.65 2.56 1.53 
 
 The comparisons TGA and DTGA of these materials collected in atmospheres of nitrogen 
and air are given in Figures 3.17 and 3.18 respectively and they show some differences. Again, 
this data show that the nickel doped material undergoes slower thermal degradation in nitrogen 
compared to the parent material, but perhaps slightly slower degradation in air. The residues after 
thermal treatment in nitrogen for both the materials were dark black, the color of carbonaceous 
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char which may be the product and the %weight losses are 42.92 and 42.61 for material with 
nickel and without nickel respectively. This agrees well with the theoretical residual weight of 
about 46% if  Zn and Al oxides are to remain after the thermal degradation. The residues in the 
case of TGA in air retained their colors, i.e. white for the sample without nickel, indicating that 
the residue is a mixture of Al and Mg oxides and green for the one with nickel, the color of 
nickel oxide mixed with Al and Mg oxides and their % weight losses were 52.61 and 52.12. 
These values agree with the theoretical residual weight of oxides of Zn and Al which is around 
46%. Again there was no significant difference in %weight loss for the samples with and without 
nickel, which suggests that the degradation products in both the cases are same and presence of 
nickel only accelerates the degradation. The main weight loss steps as seen in the DTGA 
occurred at higher temperature in air than in nitrogen. 
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(a) (b) 
Figure 3.17: (a) TGA comparison of 2:1 Zn-l LDH sulfanilate with and without nickel in 
nitrogen. (b) DTGA comparison of 2:1 Zn-l LDH sulfanilate with and without nickel in nitrogen. 
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(a) (b) 
Figure 3.18: (a) TGA comparison of 2:1 Zn-l LDH sulfanilate with and without nickel in air. (b) 
DTGA comparison of 2:1 Zn-l LDH sulfanilate with and without nickel in air. 
 
3.4.2.   p-Toluenesulfonate: 
p-Toluenesulfonate was obtained by neutralizing p-toluenesulfonic acid obtained from 
the manufacturer with 50%w/w sodium hydroxide.  
 
a. 2:1 Mg-Al LDH p-Toluenesulfonate: 
 Incorporation of p-toluenesulfonate into LDH was previously done and reported by other 
groups 6-9 and the reason for repeating is for the purpose of comparing its properties with the 
other anions studied and also the effects of nickel doping on thermal degradation of the material. 
The 2:1 Mg-Al LDH p-toluenesulfonate was prepared by exchanging the 2:1 Mg-Al LDH nitrate 
with one mole of p-toluenesulfonate for each mole of aluminum in the LDH nitrate. The infrared 
spectrum of sodium p-toluenesulfonate shown in Figures 3.19  shows sharp peaks at 1037 and 
1176 cm-1, for the symmetric and asymmetric S=O; sharp peaks at 1013, 1129 and 1497 cm-1 for 
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the aromatic CH groups and the aromatic C=C 8,9. The infrared of 2:1 Mg-Al LDH p-
toluenesulfonate in Figure 3.20 shows the peak around 444 cm-1 indicating the presence of 2:1 
Mg-Al LDH. Comparing this spectrum with that of the nitrate precursor in Figure 3.4 reveals the 
decrease in the intensity of 1384cm-1 peak meaning the exchange has taken place. 
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Figure3.19: FTIR spectrum of p-toluenesulfonate. 
 
Table 3.6 XRD data for 2:1 Mg-Al LDH p-toluenesulfonate with and without nickel. 
2:1 Mg-Al LDH p-
toluenesulfonate 
(003) (006) (009/0012) (0015) (0018) (110/113) 
Angle 4.99 10.28 20.59 25.70 34.78 60.89 
d-spacing 17.66 8.59 4.31 3.46 2.57 1.52 
2:1 Mg-Al LDH p-
toluenesulfonate with Ni: 
(003) (006) (009/0012) (0015) (0018) (110/113) 
Angle 4.99 10.31 20.60 25.62 34.69 60.97 
d-spacing 17.67 8.57 4.30 3.47 2.58 1.51 
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Figure 3.20: FTIR spectrum of 2:1 Mg-Al p-toluenesulfonate. Residual nitrate is indicated by the 
asterisk*. 
 
 The XRD pattern of 2:1 Mg-Al LDH  p-toluenesulfonate in the Figure 3.21 gives proof of 
incorporation of p-toluenesulfonate into the interlayer space, its interlayer spacing has increased 
to 17.66 from 8.85 of XRD pattern of the nitrate precursor in Figure 3.5. The complete peak 
listings for the pattern are given in the Table 3.6. 
 
Table 3.7 Atomic absorption spectroscopy results and elemental analysis data for 2:1 Mg-Al 
LDH p-toluenesulfonate with and without nickel. 
 
LDH Sample %Mg %Al %Ni Mg : Al Mg : Ni (Mg+Ni):Al 
Mg-Al PTS 12.1 6.7 0 2.0 - 2.0:1 
Mg-Al PTS-Ni 12.5 6.6 4.6 2.1 6.6 2.3:1 
 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Mg-Al PTS 0.0 0.3 20.9 16.8 4.3 4.4 8.0 5.6 
Mg-Al PTS-Ni 0.0 0.0 20.5 15.6 4.2 4.5 7.8 5.2 
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Figure 3.21: XRD pattern for 2:1 Mg-Al LDH p-toluenesulfonate. d003 is indicated by the 
asterisk*. 
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Figure 3.22: FTIR spectrum of 2:1 Mg-Al LDH p-toluenesulfonate with nickel. Residual nitrate 
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Figure 3.23: XRD pattern for 2:1 Mg-Al LDH p-toluenesulfonate with nickel. d003 is indicated by 
the asterisk*. 
 
 The material was also doped with nickel and was observed for any differences this 
incorporation would bring. The infrared and XRD patterns for the nickel doped material given in 
Figures 3.22 and 3.23 show no significant differences from those of the parent material. The d003 
values for both the materials are 17.66 and 17.67. The presence of nickel however is proved by 
the green color of the product and the atomic absorption results given in the Table 3.7. The Mg-
Al ratios are 2:1 for both the materials. The elemental analysis data given in the Table 3.7 show 
that the experimental percentages of C,H,N and S are less than the theoretical values which may 
be due to the incomplete exchange of nitrate for PTS. The 1384 cm-1 peaks, indicative of residual 
nitrate in the infrared so the materials in Figures 3.20 and 3.22 also support this idea. 
 The TGA and DTGA comparisons of the parent material and the nickel doped material 
in Figures 3.24 and 3.25 provide proof of difference between the materials. The thermal 
degradation of material with nickel is slower than that of the parent material in both nitrogen and 
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air. The residues after thermal treatment in nitrogen were dark black in color, which can be due 
to the carbonaceous char formed in the thermal process and the %weight losses were 43.37 and 
48.06 for material without nickel and with nickel respectively. The %weight of Mg and Al 
oxides, which are theoretical residues formed in the thermal treatment of these substances are 
58% and 56.5% and these values agree with the %weight loss found out experimentally. In air 
the material with nickel retained its green color, the color of nickel oxide residue and the one 
without nickel turned to light brown from its original white color after heating, due may be to 
presence of some char. The % weight losses in air were 51.5 and 54.5 for materials with and 
without nickel respectively and these values also agree with the theoretical weight% of residual 
Mg and Al oxides. 














 Mg Al PTS
 Mg Al PTS/Ni
           






















 Mg Al PTS




Figure 3.24: (a) TGA comparison of 2:1 Mg-Al LDH p-toluenesulfonate with and without nickel 
in nitrogen. (b) DTGA comparison of 2:1 Mg-Al LDH p-toluenesulfonate with and without 
nickel in nitrogen. 
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                              (a)                                                                                     (b) 
Figure 3.25: (a) TGA comparison of 2:1 Mg-Al LDH p-toluenesulfonate with and without nickel 
in air. (b) DTGA comparison of 2:1 Mg-Al LDH p-toluenesulfonate with and without nickel in 
air. 
 
b. 2:1 Zn-Al LDH p-Toluenesulfonate: 
 In this case also one mole of p-toluenesulfonate per each mole of aluminum in the LDH 
was enough to get a nearly complete exchange with the nitrate in the precursor. The infrared 
spectrum of the 2:1 Zn-Al LDH p-toluenesulfonate in Figure 3.26 shows evidence of 2:1 Zn-Al 
LDH and the almost complete exchange of nitrate with p-toluenesulfonate i.e. it contains the 
peak at 425 cm -1 peak and also shows a very short 1384 cm-1 peak. 
 The XRD of the material in the Figure 3.28 with a d003 of 17.68 illustrates presence of p-
toluene sulfonate in the interlayer space, this is increase from a d003 of 8.85 of the XRD pattern 
of the of nitrate precursor in Figure 3.14. A complete list of tentative d-spacings is given in the 
Table 3.9. 
 This parent material also when doped with nickel shows no structural changes and this 
can be demonstrated by the similarity of its infrared and XRD patterns in Figures 3.27 and 3.29 
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with those of the parent material. However, again the atomic absorption results of the material 
when compared to that of the parent as in Table 3.8 provide evidence of the nickel in the 
sample. The 2:1 ratio between Zn and Al however is maintained even in the nickel doped 
material because of incorporation of very small amount of nickel. The elemental analysis data 
which is also presented in the Table 3.8 shows that the experimental values for %C, %H, %N 
and %S are close to the theoretical values. 
The TGA and DTGA comparisons of the parent and the nickel doped material in the 
Figures 3.30 and 3.31 also differ in that the thermal degradation of nickel doped material is faster 
than that of the parent compound and the last endothermic peak in the DTGAs of the materials to 
be occurring at lower temperature in nitrogen than in air. The residues after the TGA in nitrogen 
looked dark black, the color of carbonaceous char, the possible product, for both the materials, 
whereas in air the materials retained their colors i.e. white for the one without nickel and green 
for the one with nickel, the colors of the metal oxides present in them. The % weight losses for 
the materials with and with out nickel are 42.77 and 43.18 in nitrogen and 53.48 and 52.43 in air 
respectively. The %weight of the oxides of Zn and Al which are the possible residues after 
thermal treatment of these materials is around 48% and 47% and these figures agree well within 
a difference of about 5 units both in nitrogen and air. Presence of some carbonaceous char in the 
samples treated in nitrogen may be the reason for their lesser weight loss. Once again, the weight 





Table 3.8: Atomic absorption spectroscopy results and elemental analysis data for 2:1 Zn-Al 
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Figure 3.26: FTIR spectrum of 2:1 Zn-Al LDH p-toluenesulfonate. Residual nitrate is indicated 
by the asterisk*. 
 
Table 3.9 XRD data for 2:1 Zn-Al LDH p-toluenesulfonate with and without nickel. 
2:1 Zn-Al LDH                      
p-toluenesulfonate 
(003) (006) (009) (0012) (0015) (015) (110/ 113) 
Angle 5.10 10.27 15.40 20.61 25.86 34.50 60.41 
d-spacing 17.29 8.60 5.74 4.30 3.44 2.59 1.53 
2:1 Zn-Al LDH p-
toluenesulfonate with Ni: 
(003) (006) (009) (0012) (0015) (015) (110/ 113) 
Angle 4.99 10.19 15.29 20.52 25.70 33.89 60.36 
d-spacing 17.67 8.67 5.78 4.32 3.46 2.64 1.53 
LDH Sample %Zn %Al %Ni Zn : Al Zn : Ni (Zn+ Ni):Al  
Zn-Al PTS 26.9 5.6 0 2.1  - 2.1:1 
Zn-Al PTS-Ni 26.9 5.6 0.7 2.0 32.5  2.0:1 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Zn-Al PTS 0.0 0.2 17.3 17.3 3.5 3.9 6.6 6.6 
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Figure 3.27: FTIR spectrum of 2:1 Zn-Al LDH p-toluenesulfonate with nickel. Residual nitrate is 
indicated by the asterisk*. 
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Figure 3.28: XRD pattern of 2:1 Zn-Al LDH p-toluenesulfonate. d003 is indicated by the 
asterisk*. 
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Figure 3.29: XRD pattern of 2:1 Zn-Al LDH p-toluenesulfonate with nickel. d003 is indicated by 
the asterisk*. 
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                                (a)                                                                               (b) 
Figure 3.30: (a) TGA comparison of 2:1 Zn-Al LDH p-toluenesulfonate with and without nickel 
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                               (a)                                                                                  (b) 
Figure 3.31: (a) TGA comparison of 2:1 Zn-Al LDH p-toluenesulfonate with and without nickel 
in air. (b) DTGA comparison of 2:1 Zn-Al LDH p-toluenesulfonate with and without nickel in 
air. 
 
3.4.3.  4-Chlorobenzenesulfonate 
 The 4-chlorobenzenesulfonate was prepared by neutralizing 4-chlorobenzenesulfonic 
acid obtained from the manufacturer with 50%w/w sodium hydroxide.  
 
a.   2:1 Mg-Al LDH 4-Chlorobenzenesulfonate 
 4-chlorobenzenesulfonate intercalated Zn Al LDH was recently reported10 and in this 
study the Mg Al LDH 4-chlorobenzensulfonate preparation and nickel doping were also carried 
out.  One mole of 4-chlorobenzenesulfonic acid per each mole of aluminum in the LDH was 
sufficient to get a nearly complete exchange with the nitrate in the precursor as in the case of p-
toluenesulfonate. The infrared spectrum of pure 4-chlorobenzenesulfonic acid is given in the 
Figure 3.32 and it shows sharp peaks at 1030, 1185 and 1230 cm-1, for the symmetric and 
asymmetric S=O; sharp peaks at 1010, 1130 and 1480 cm-1 for the aromatic CH groups and the 
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aromatic C=C) 12. The infrared spectrum of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate in the 
Figure 3.33 has the evidence of presence of 2:1 Mg-Al LDH in that it has the 444 cm-1 and also 
the reduction in the peak at 1384 cm-1 from the infrared of the nitrate precursor given in the 
Figure 3.4 demonstrates the exchange of nitrate in the precursor for 4-chlorobenzenesulfonate. 
 
Table 3.10 Atomic absorption spectroscopy and elemental analysis data for 2:1 Mg-Al LDH 4-
chlorobenzenesulfonate with and without nickel. 
 
LDH Sample %Mg %Al %Ni Mg : Al Mg : Ni (Mg+Ni):Al  
Mg-Al CBS 13.2 6.7 - 2.2 : 1 - 2.2:1 
Mg-Al CBS-Ni 12.5 6.6 4.9 2.1 : 1 6.0 : 1 2.3:1 
 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Mg-Al CBS 0.00 0.43 17.68 12.61 3.48 3.50 7.91 6.94 
Mg-Al CBS-Ni 0.00 0.02 17.51 11.07 3.42 3.48 7.79 6.24 
 
 


















Figure 3.32: FTIR spectrum of sodium 4-chlorobenzenesulfonate. 
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Figure 3.33: FTIR spectrum of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate. Residual nitrate is 
indicated by the asterisk*. 
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Figure 3.34: XRD pattern of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate. d003 is indicated by the 
asterisk*. 
 
 The XRD pattern of the material in the Figure 3.34 also shows the incorporation of 4-
cholrobenzenesulfonate into the interlayer space. The d003 value, which is the measure of 
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interlayer spacing of the LDH, had increased from 8.85 in nitrate precursor in Figure 3.5 to 17.35 
in Figure 3.35. The complete list of tentative d-spacings is given in the Table 3.11. 
 This material also when doped with nickel, as the other materials discussed above does 
not show any structural changes. This can be illustrated by comparing the infrared spectrum and 
XRD pattern of this material in Figures 3.35 and 3.36 with its parent material. The d003 of the 
parent is 17.35 and is very similar to that of the material with nickel which is 17.15. The patterns 
however are slightly dissimilar in the appearance of peaks. The atomic absorption data in the 
Table 3.10 again give proof of the presence of nickel in the material. The ratio of Mg to Al 
remains close to 2 even after doping with nickel due to presence of a very small amount of 
nickel. The elemental analysis data, also given in Table 3.10, show that the experimental values 
for %C, %H, %N and %S are smaller than the theoretical values. This can also be explained by 
the fact that the exchange of nitrate for CBS was not complete. 
The TGA and DTGA comparisons in nitrogen and air in Figures 3.37 and 3.38 of both 
the materials show that the thermal degradation of nickel doped material is faster than that of the 
parent material. The final residues of thermal treatment in nitrogen for both the materials again 
looked dark black in color and in air the material without nickel looked pale brown while the 
material with nickel retained its green color. The %weight losses for materials with and without 
nickel were 50.61 and 50.05 in nitrogen and 53.74 and 56.82 in air respectively. The theoretical 
%weight of Mg and Al oxides which are the possible residues is 58% and 57% and this agrees 
with the %weight losses obtained form the thermal analysis. The weight loss steps occurred at 
slightly higher temperatures in air compared to those in nitrogen. 
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Figure.3.35: FTIR spectrum of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with nickel. Residual 
nitrate is indicated by the asterisk*. 
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Figure 3.36: XRD pattern of 2:1 Mg-Al LDH 4-chlororbenzenesulfonate with nickel. d003 is 
indicated by the asterisk. 
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Table 3.11 XRD data for 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with and without nickel. 
2:1 Mg-Al LDH                 
4-chlorobenzenesulfonate 
(003) (006) (009) (0012) (110/113) 
Angle 5.00 10.27 15.36 20.66 60.81 
d-spacing 17.35 8.6 5.76 4.29 1.52 
2:1 Mg-Al LDH  
4-chlorobenzenesulfonate 
with Ni: 
(003) (006) (009) (0012) (110/113) 
Angle 5.14 10.31 14.99 20.43 60.81 
d-spacing 17.15 8.57 5.90 4.34 1.52 
 

















           


























Figure 3.37: (a) TGA comparison of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with and without 
nickel in nitrogen. (b) DTGA comparison of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with and 
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(a) (b) 
Figure 3.38: (a) TGA comparison of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with and without 
nickel in air. (b) DTGA comparison of 2:1 Mg-Al LDH 4-chlorobenzenesulfonate with and 




b.  2:1 Zn-Al LDH 4-Chlorobenzenesulfonate 
 This material was prepared by exchanging 2:1 Zn-Al LDH nitrate with one mole of 4-
chlorobenzenesulfonate per each mole of aluminum in the material. The infrared spectrum in the 
Figure 3.39 of the material again gives the proof of incorporation of the anion in that the 
1384cm-1 peak which is indicative of interlayer nitrate is very much less in intensity compared to 
that in the infrared spectrum of nitrate precursor in Figure 3.13.Also the peak at 425 cm-1 is an 
indication for the presence of 2:1 Zn-Al LDH. 
The XRD pattern in the Figure 3.41 with a d003 of 17.65 is a proof of the presence of 4-
chlorobenzenesulfonate in the interlayer space. The complete list of tentative d-spacings is given 
in the Table 3.13. 
The parent material when doped with nickel in this case also does not show any structural 
changes. The infrared spectrum and XRD pattern of the nickel doped material in Figures 3.40 
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and 3.42 when compared with those of the parent material prove this. Its d003 value of 17.36 
compares well with that of the parent which is 17.65 
Table 3.12 Atomic absorption and elemental analysis data for 2:1 Zn-Al LDH 4-
chlorobenzenesulfonate with and without nickel: 
 
LDH Sample %Zn %Al %Ni Zn : Al Zn : Ni (Zn+Ni):Al  
Zn-Al CBS 26.8 5.5 - 2.0 : 1 - 2.0:1 





Table 3.13 XRD for 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with and without nickel: 
2:1 Zn-Al LDH                      
4-chlorobenzenesulfonate 
(003) (006) (009) (0012) (0015) (110/ 113) 
Angle 5.00 10.18 15.30 20.51 25.71 60.48 
d-spacing 17.65 8.68 5.79 4.33 3.46 1.53 
2:1 Zn-Al LDH  
4-chlorobenzenesulfonate 
with Ni: 
(003) (006) (009) (0012) (0015) (110/ 113) 
Angle 5.08 10.37 15.38 20.71 25.73 60.45 
d-spacing 17.36 8.52 5.75 4.28 3.45 1.53 
 
 
LDH Sample %NT %NE %CT %CE %HT %HE %ST %SE 
Zn-Al CBS 0.00 0.03 14.78 12.74 2.89 3.15 6.57 6.20 
Zn-Al CBS-Ni 0.00 0.00 14.78 12.53 2.89 3.09 6.57 5.68 
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Figure 3.39: FTIR spectrum of 2:1 Zn-Al 4-chlorobenzenesulfonate. Residual nitrate is indicated 
by the asterisk*. 
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Figure 3.40: FTIR spectrum of 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with nickel. Residual 
nitrate is indicated by the asterisk*. 
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Figure 3.41: XRD pattern of 2:1 Zn-Al LDH 4-chlorobenzenesulfonate. d003 is indicated by the 
asterisk*. 
 
Table 3.12 atomic absorption data show presence of nickel in the material even though no 
change is to be seen in the structure. The ratio of Zn to Al in the nickel doped material remained 
2:1 owing to incorporation of very small amount of nickel. Table 3.12 elemental analysis data 
shows that the experimental values for the percentages agree well with their respective 
theoretical percentages. 
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Figure 3.42: XRD pattern of 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with nickel. d003 is 
indicated by the asterisk*. 
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The TGA and DTGA comparisons of the parent and nickel doped materials in the Figures 
3.43 and 3.44 give evidence of the accelerated thermal decomposition when the material has 
nickel. There is no significant difference in the thermal behavior in nitrogen and air. The 
materials retained their original colors even after heat treatment in air i.e. the material with nickel 
was green, the color of nickel oxide and the one without nickel was white. Both the materials 
gave dark black residues upon TGA in nitrogen due to presence of char. The percent weight 
losses for materials with and without nickel in nitrogen are 48 and 47% and in air they are 57 and 
57% respectively. The %weight of oxides of Zn and Al oxides which are the possible residues 
left after thermal treatment is about 48% and this agrees well with the experimental %weight 
losses.  The weight loss steps occurred at about the same temperatures in air and nitrogen for 
both the materials. 
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(a) (b) 
Figure 3.43: (a) TGA comparison of 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with and without 
nickel in nitrogen. (b) DTGA comparison of 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with and 
without nickel in nitrogen. 
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(a) (b) 
Figure 3.44: (a) TGA comparison for 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with and 
without nickel in air. (b) DTGA comparison for 2:1 Zn-Al LDH 4-chlorobenzenesulfonate with 
and without nickel in air. 
 
3.5  Conclusions 
 1. The nitrate route of preparation of LDHs with sulfanilate, p-toluenesulfonate and 4-
chlorobenzenesulfonate is a viable one as it gives good exchange and can also be stepped up the 
scale to make considerably large batches. 50gm samples of these materials were made in the 
procedure discussed above and the results were reproducible. 
 2. The same interlayer anions give better XRD patterns with zinc as the divalent metal 
when compared to magnesium, suggesting better structural properties. 
 3. The ratios of divalent to trivalent metal in zinc LDHs are closer to 2 compared to those 
in magnesium LDHs which also is an indication of their regular and predictable structure. 
 4. The drying of the materials after exchanging with the sulfonate anions did not require a 
vacuum to avoid carbonate from the air. This is an indication of their resistance to the carbonate 
contamination, which is desirable as well as profitable in the LDH chemistry. 
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 5. Sulfanilate was needed in excess (twice the number of moles of LDH) to get a 
quantitative exchange whereas p-toluenesulfonate and 4-chlorobenzenesulfonate did not. This 
can be due to the fact that sulfanilate is poorly soluble in water, which makes lesser amount of 
the ion available for exchange at any given instant. 
 6. The incorporation and net exchange of nickel for a fraction of the divalent metal is an 
interesting result as this restricts the presence of nickel to small amounts which is expected to 
enhance its catalytic activity. 
7. Zn Al LDHs also showed significantly less amounts of nickel doping compared to Mg 
Al LDHs which also makes zinc a better choice. 
 8. The weight loss on heating of these materials in air was found to require higher 
temperatures, in some cases only very slightly higher, compared to that in nitrogen. Mg Al LDH 
sulfanilate material is the only exception to this trend, in which the temperature required in 
nitrogen is slightly higher than that required in air for thermal decomposition. 
 9. The weight loss on heating of nickel-doped samples in the majority cases (except for 
the 2:1 Mg-Al LDH p-toluenesulfonate with nickel in air) is faster than their respective 
precursors. This illustrates nickel’s catalytic role. 
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THE QUESTION OF HOMOGENEOUS PRECIPITATION 
4.1  Introduction 
 Layered double hydroxides (LDHs) when prepared by the direct precipitation method or 
the copricipitation method or by any of the other conventional methods are less crystalline and 
have a very broad particle size range. Elevated temperatures and pressures of preparation have 
been found to increase the crystallinity of the material 1, 2. A relatively recent method of 
preparing LDHs, called homogeneous precipitation, utilizes urea for the base in the 
neutralization of the solution of salts instead of sodium hydroxide, as discussed in chapter one 3. 
The advantage of this method lies in the fact that urea hydrolyses progressively above 
600C releasing ammonia via ammonium cyanate. This gradual release of base is the key 
difference between conventional preparative methods and the homogeneous method. In the 
conventional methods when all the required base is made available in the solution the nucleation 
and particle growth steps in the crystal formation overlap leading to broad distribution of particle 
size 4. Urea has been used to synthesize metal oxides and carbonates of uniform particle size 
before 5-9. LDHs of different compositions were also made by the urea method 3, 10-12. 
 Ogawa et al. 13 combined this technique with increased temperature and pressure method, 
commonly referred to as hydrothermal treatment to obtain particles of better crystallinity and 
bigger particle sizes. 
The reaction by which urea releases ammonia 14 is as follows: 
CO(NH2)2                           NH4CNO 
NH4CNO  +  2H2O                        (NH4)CO3     
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 Recently Iyi et al. 15 claimed homogeneous precipitation of layered double hydroxide 
with hexamethylenetetramine (HMTA) as the base. The 2:1 Mg-Al LDH CO3 they made by 
hydrothermal treatment of magnesium and aluminum chlorides along with HMTA was of 
superior crystallinity. We set out to verify this observation and found some interesting facts 
about the use of HMTA in LDH chemistry. 
 
4.2  Starting Materials Used 
The starting materials used for this study are all used as they were bought from the 
manufacturers. Table 4.1 gives of the chemicals used along with their grades. The deionized 
water used was freshly prepared from ‘Milli-Q academic’ (18MΏ cm-1). 
 
Table 4.1: Chemicals used for the synthesis of compounds studied and their sources. 
Name Grade Supplier 
Al(NO3)3.9H2O 98.0-102% Alfa Aesar 
Mg(NO3)2.6H2O 98% Alfa Aesar 
Zn(NO3)2.6H2O 98% Sigma-Aldrich 
Cr(OH)3.9H2O 99% Aldrich 
Hexamethylenetetramine ACS, 99+% Alfa Aesar 
 
4.3  Principle 
 Every mole of hexamethylenetetramine is believed to give four ammonium ions which in 




                  N4(CH2)6  +  6H2O                                          4NH3  +   6CH2O 
                   NH3          +    H2O                                         NH4+ +    OH-          
 
So, for each mole of 2:1 LDH, 1.5 mole of HMTA was required to supply six hydroxides.  
Three different combinations of metals were studied for the experiment. They are 2:1 
Mg-Al LDH, 2:1 Zn-Al LDH and 2:1 Zn-Cr LDH.  For the materials containing Al the titration 
curve with sodium hydroxide shows two plateaus of which the first one corresponds to the 
formation of aluminum hydroxide, which always forms as an intermediate in the synthesis of Al 
containing LDH and the second one corresponds to the formation of LDH 16-19. The Cr(III) 
containing LDH on the other hand shows just one plateau which corresponds to the formation of 
LDH, the step which occurs at a pH less than what is needed to precipitate either Cr(OH)3 or the 
divalent metal hydroxide 20. 
 Two different concentrations of HMTA were tested with the above divalent and trivalent 
metal combinations. The first one was with 1.5 moles of HMTA per each mole of trivalent metal 
in the LDH so that the reaction proceeds to completion. The second one was with 0.75 moles of 
HMTA per each mole of trivalent metal in the LDH so that only half the amount of base is 
available for the neutralization, which should produce half the calculated amount of LDH and 
half of the starting materials would remain in the product, if, the reaction is indeed 
homogeneous. If the reaction is not homogeneous and proceeds via an intermediate like 
aluminum hydroxide, as the Al containing LDHs do when treated with sodium hydroxide, we 
expected to find only this intermediate and no LDH as there was enough base only to carry the 
reaction that far. 
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4.4  Synthesis 
 For the synthesis of LDHs the divalent and trivalent metal nitrates were dissolved 
together in 40ml of deionized water in concentrations of 0.3M and 0.1M respectively and a 20ml 
solution of HMTA containing 1.5M of HMTA per each mole of trivalent metal was added to it to 
for the intended preparation of 1gm of LDH. For the second set of experiments in which half the 
amount of HMTA was used, the concentrations of metal salts was kept the same and a solution 
of only 0.75M of HMTA per each mole of trivalent metal is added to it. In both the cases the 
mixture was stirred thoroughly for 10min under nitrogen and then it was transferred into Parr 
general purpose acid digestion bombs of 45ml capacity and heated in a hot air oven for 24hr at a 
temperature of 1300-1400C. 
 Upon completion of 24hr the hydrothermal containers were taken out of the oven and 
were allowed to cool in an ice bath. The resultant slurries were centrifuged to obtain the 
suspended solid and the supernatant liquid was also stored for further examination. The solids 
thus obtained were washed twice with deionized water by centrifugation, dried in a desiccator 
and stored. 
 
4.5  Results 
4.5.1  Magnesium and Aluminum Nitrates with HMTA 
 The product obtained upon hydrothermal treatment of a solution of magnesium and 
aluminum nitrates with 1.5M HMTA per each mole of Al was a suspension, which gave a white 
powder on washing and drying. The Figure 4.1 shows the infrared spectrum of the material 
collected. It resembles the typical infrared spectrum of a 2:1 Mg-Al LDH CO3 with the peak 
around 447cm-1 indicative of 2:1 ratio of Mg and Al and the peak around 1360cm-1 indicative of 
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carbonate anion. The shoulder observed for the –OH stretching mode at 3300cm-1, around 
3100cm-1 of infrared spectrum is because of hydrogen bonding between the carbonate and the 
interlayer water molecules is also a proof of presence of carbonate. 
 The XRD pattern of the material depicted in Figure 4.2 also confirms the presence of well 
crystalline material that has a d-spacing of 7.63 which corresponds well to carbonate. The d110 
and d113 peaks are also well resolved owing to the superior crystallinity of the material. The XRD 
pattern also shows some additional peaks which can be assumed to be those of the other 
hydrolysis products of HMTA which contaminate the material and are hard to separate. The full 
d-spacings of the pattern are given in Table 4.2. 
















Figure 4.1: FTIR spectrum of the material synthesized by treating Mg and Al nitrates with 1.5M 
HMTA per each mole of Al. Carbonate peak and the 447cm-1 peak are indicated by asterisk*. 
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Figure 4.2: XRD pattern of the material synthesized by treating Mg and Al nitrates with 1.5M 
HMTA per each mole of Al. d003, d110 and d113 peaks are indicated by asterisks*. 
 
Table 4.2 XRD data for material synthesized by treating Mg and Al nitrates with 1.5M HMTA 
per each mole of Al: 
 
 (003) (006) (009/012) (015) (018) (110) (113) 
Angle 11.59 23.40 34.81 39.40 46.96 60.71 62.09 
d-spacing 7.63 3.79 2.57 2.28 1.93 1.52 1.49 
 
 The ratio of magnesium and aluminum in the material was calculated by obtaining 
concentrations of individual metals in it employing atomic absorption spectroscopy and the 
results are given in Table 4.3 along with the ratio of metals in the supernatant liquid. The 
magnesium to aluminum ratio in the material was 1.02:1, which is about one half of the expected 
value. The ratio in the supernatant liquid, which though not a very accurate measurement owing 
to the high concentration of Mg and very low concentration of Al was 232.96:1 which is 
reasonable as the amount of excess magnesium taken initially to make the LDH is expected to 
remain in the solution. A 3:1 ratio of Mg:Al was taken initially for preparing a 2:1 Mg-Al LDH 
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NO3 because the excess of magnesium is believed to be acting as a buffer for the changes in the 
pH occurring during LDH formation. 
 The reduced amount of HMTA, i.e, 0.75M HMTA per each mole of Al also gave a 
suspension of a white solid. The infrared spectrum of the product is shown in Figure 4.3 which 
does not have the characteristic peaks of a 2:1 Mg-Al LDH like a peak at 445 cm-1. It shows the 
peaks between 400 and 800 cm-1 which are indicative of metal-O bonds, which suggests that the 
product is a metal oxide or hydroxide of aluminum or magnesium or a mixture of any of these. 
Table 4.3 Atomic absorption results for the materials synthesized by treating Mg and Al nitrates 
with HMTA. 
 
Reactants Mg:Al ratio 
Mg Al Nitrates with 1.5 HMTA per each Al 1.02 
Supernatant Mg Al Nitrates with 1.5 HMTA per each Al 232.96 
Mg Al Nitrates with 0.75 HMTA per each Al 0.01 
Supernatant Mg Al Nitrates with 0.75 HMTA per each Al 193.25 
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Figure 4.3: FTIR spectrum of the material synthesized by treating Mg and Al nitrates with 0.75M 
HMTA per each mole of Al. 
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The Figure 4.4 shows the XRD pattern of this material which is not typical of LDH again 
and this is consistent with the infrared observation. The twin peaks at the 2theta value of 600 
which are typical of any LDH are not to be found and this evidence is conclusive enough to rule 
out the presence of LDH. 
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Figure 4.4: XRD pattern of the material synthesized by treating Mg and Al nitrates with 0.75M 
HMTA per each mole of Al. 
 
 The metals ratio in the solid and the supernatant liquid are presented in the Table 4.3. The 
ratio of Mg to Al in the solid which is 0.01:1 is reflective of the fact that there is practically no 
magnesium in the solid and it is a combination of hydroxides of aluminum. The ratio of 193.25:1 
of Mg:Al in the supernatant again shows a lot excess of magnesium in it which is expected, a 
there is no incorporation of magnesium in the solid to form LDH. 
 
4.5.2.  Zinc and Aluminum Nitrates with HMTA: 
 A solution of zinc and aluminum nitrates added with a solution of HMTA which 
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contained 1.5M HMTA per each mole of Al or with 0.75M of HMTA per each mole of Al when 
treated hydrotheramlly for 24hr at 130-1400C gave a suspension of a white solid which was 
washed and dried for examination. The supernatant collected was also analyzed for the metal 
concentrations.  
 Figure 4.5 shows the infrared spectrum of the solid and it contains all the peaks 
corresponding to 2:1 Zn-Al LDH like the peaks at 425cm-1 indicating the 2:1 ratio of Zn:Al, the 
metal-O bonds are indicated by the peaks from 400- 800cm-1 and it shows a peak at 1384cm-1 
which has a shoulder indicating presence of some carbonate. The infrared spectrum in the Figure 
4.7 is of the material prepared by using 0.75M HMTA per each mole of Al. It does not have the 
peak around 425cm-1 which suggests that we may not have got LDH. Again The M-O bonds  
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Figure 4.5: FTIR spectrum of the material synthesized by treating Zn and Al nitrates with 1.5M 
HMTA per each mole of Al. Carbonate/ Nitrate peak and 425cm-1 peak are indicated by the 
asterisk*. 
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Figure 4.6: XRD pattern of the material synthesized by treating Zn and Al nitrates with 1.5M 
HMTA per each mole of Al. d003, d110 and d113 are indicated by asterisks*. 
 
 
Table 4.4 XRD data for the material synthesized by treating Zn and Al nitrates with 1.5M 




(003) (006) (009/012) (015) (018) (110) (113) 
Angle 10.80 21.42 34.59 38.51 45.10 60.33 64.99 
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Figure 4.7: FTIR spectrum of the material synthesized by treating Zn and Al nitrates with 0.75M 
HMTA per each mole of Al. 
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Figure 4.8: XRD pattern of the material synthesized by treating Zn and Al nitrates with 0.75M 
HMTA per each mole of Al. 
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between 400-800cm-1 are there and the spectrum looks a lot similar to the spectrum obtained by 
treating Mg and Al nitrates with 0.75M HMTA.  
 The XRD patterns of both the materials are given in the Figures 4.6 and 4.8. The material 
with 1.5M HMTA in Figure 4.6 shows a pattern of an LDH with sharp peaks at about 600 2theta. 
A Complete list of d-spacings for it are given in the Table 4.4 The pattern of material with 0.75 
HMTA in Figure 4.8 on the other hand has no peaks characteristic of LDH including the ones at 
600 2theta. Again, it is similar to the XRD pattern of the material obtained from treating Mg and 
Al nitrated with 0.75 HMTA. 
 The Zn:Al ratios in both the materials in solid and also in the supernatant liquid are given 
in the Table 4.5.  The ratio for the material treated with 1.5M HMTA is 1.60:1 for the solid 
which is not quite the expected value of 2:1. The ratio in the supernatant of the same material is 
151.08:1, also not a very accurate measurement due to large disparity in the concentrations of 
metals in it, can be explained by the excess of Zn taken in initially.  
 For the solid prepared by using the 0.75M HMTA the ratio of Zn to Al was found to be 0 
which means that there is no zinc in the solid whatsoever. The ratio in the supernatant of the 
same material is 121.12:1 which is again on the expected lines. 
 
Table 4.5 Atomic absorption results for the materials synthesized by treating Zn and Al nitrates 
with HMTA. 
Reactants Zn:Al ratio 
Zn Al Nitrates with 1.5 HMTA per each Al 1.60 
Supernatant Zn Al Nitrates with 1.5 HMTA per each Al 151.08 
 
Zn Al Nitrates with 0.75 HMTA per each Al 0 
Supernatant Zn Al Nitrates with 0.75 HMTA per each Al 121.12 
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4.5.3.  Zinc and Chromium Nitrates with HMTA  
 Again a 40ml combination of zinc and chromium nitrates solutions with 0.3M Zn and 
0.1M Cr was mixed with 20ml 1.5M and 0.75M HMTA solutions separately and was treated 
hydrothemally for 24hr at a temperature of around 130-1400C. The solid obtained in the first case 
was pale green to grey in color and the one in the second case was green in color.  
 The infrareds of both the solids are given in the Figures 4.9 and 4.11. The figure 4.9 is the 
IR of the material with 1.5M HMTA and it shows the peak around 507cm-1 which is indicative of 
2:1 Zn-Cr LDH and the M-O vibrational peaks are also present between 400 and 800cm-1. The 
spectrum of the material with 0.75M HMTA in Figure 4.11 shows a broad peak at 515cm-1 
which may be due to the presence of a trace of 2:1 Zn-Cr LDH.  
 The XRD pattern of the 1.5M HMTA material in Figure 4.10 indicates a material less 
crystalline compared to those obtained by treating Mg Al and Zn Al nitrates with 1.5M HMTA. 
It however has the twin peaks around 600 2theta which indicate presence of LDH. A complete 
list of d-spacings for this pattern is given in Table 4.6. The material with 0.75M HMTA has 
pattern looking more like an amorphous material than any LDH as it has no prominent and 
distinguishable peaks. It is given in the Figure 4.12. 
 The metal ratios in the solid and the supernatant liquid are presented in the Table 4.7. The 
solid in the case of 1.5M HMTA material has a Zn to Cr ratio of 1.16:1 which is again less than 
the expected value of 2:1. The supernatant of this material is found to have a ratio of 5646.12:1 
for Zn:Cr which means there is a large excess of Zn in it which is expected because of the excess 
of Zn added to the reactant vessel. 
 The metal ratio in the solid obtained by treating the Zn and Cr nitrates with 0.75M 
HMTA per each mole of Cr has a Zn;Cr ratio of 0.25:1 which means that there is a small amount  
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Table 4.6 XRD data for material synthesized by treating Zn and Cr nitrates with 1.5M HMTA 
per each mole of Cr. 
 
 
(003) (006) (009/012) (015) (110) (113) 
Angle 11.64 23.47 34.59 38.59 60.68 64.60 
d-spacing 7.59 3.79 2.59 2.33 1.52 1.44 
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Figure 4.9: FTIR spectrum of the material synthesized by treating Zn and Cr nitrates with 1.5M 
HMTA per each mole of Cr. Nitrate/carbonate peak and 507m-1 peak are indicated by asterisks*. 
 
of zinc in the material which can be expected to be in the form of LDH along with Cr. This 
assumption is strengthened by the fact that the infrared of this material shows a broad peak at 
515cm-1 which can be because of the 2:1 Zn-Cr LDH. The supernatant of this material has a Zn: 
Cr ratio of 11779.32:1 again a number not very much accurate but gives a fair approximation of  
the large difference in concentration of the metals in the solution. 
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Figure 4.10: XRD pattern of the material synthesized by treating Zn and Cr nitrates with 1.5M 
HMTA per each mole of Cr.d003, d110 and d113 are indicated by asterisks*. 















Figure 4.11: FTIR spectrum of the material synthesized by treating Zn and Cr nitrates with 
0.75M HMTA per each mole of Cr. 
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 Figure 4.12: XRD pattern of the material synthesized by treating Zn and Cr nitrates with 0.75M 
HMTA per each mole of Cr. 
 
 
Table 4.7 Atomic absorption results for the materials synthesized by treating Zn and Cr nitrates 
with HMTA. 
 
Reactants Zn:Cr ratio 
Zn Cr Nitrates with 1.5 HMTA per each Cr 1.16 
Supernatant Zn Cr Nitrates with 1.5 HMTA per each Cr 5646.12 
 
Zn Cr Nitrates with 0.75 HMTA per each Cr 0.25 








4.6  Conclusions and Suggestions for Future Work 
4.6.1 Conclusions 
1) The ratios of divalent metal to trivalent metal in the materials produced by using 1.5M 
HMTA per each mole of trivalent metal are all consistently lower than the expected value of 2:1. 
This can be due to the fact that the amount  of base (ammonia) released by the HMTA is less 
than the expected value which can be due to partial hydrolysis of formaldehyde, which forms as 
an intermediate in the HMTA hydrolysis 21. 
2) The solids obtained in the case of Mg Al and Zn Al systems contained very low to no 
amount of divalent metal when half the amount of HMTA needed for LDH formation (0.75M) 
was used. This indicated the formation of an intermediate compound of the trivalent metal, 
which suggests that the HMTA route is not homogenous. 
3) The solid obtained when Zn and Cr nitrates were treated with 0.75M HMTA has some 
appreciable amount of Zn which can be explained by the fact that the LDH formation for Zn Cr 
systems is direct without the involvement of chromium hydroxide intermediate. The ratio of 
Zn:Cr however less than the expected value of 1:1 here, which can again be explained by the 
claim of disproportionation of formaldehyde formed as intermediate in the hydrolysis of HMTA.. 
4) The solids obtained by treating Mg Al and Zn Al systems with 0.75M HMTA have 
identical infrared spectra and their XRD patterns were also similar. This is a proof that both the 
materials are compounds of aluminum only. This supports the assumption that aluminum 
compounds indeed form as the intermediate in both the cases. 
5) The formation of aluminum hydroxide as concluded in points 2 and 4 and the 
formation of a small amount of LDH in the case of Zn Cr system as concluded in point 3 lead us 
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to claim that the process of formation of LDH in both the cases is by the conventionally 
established pathways and is not by homogeneous precipitation. 
6) Homogeneous precipitation would result in formation of half the stiochiometric 
amount of LDH in the case of materials treated with 0.75M HMTA, i.e we would have got half 
the amount of LDH got in the case of 1.5M HMTA in the 0.75M HMTA experiment. But this 
did not happen and the absence of divalent metal in the 0.75M HMTA in Mg Al and Zn Al is 
proof enough for this. 
7) The superior crystallinity of the materials obtained when 1.5M HMTA can be because 
of the elevated temperature employed rather than the homogenous precipitation. 
8) We finally conclude that the formation of LDH in HMTA method may not be by 
homogenous precipitation. 
 
4.6.2  Suggestions for Future Work 
 1) The products in the case of Mg Al and Zn Al treatment with 0.75M HMTA can be 
analyzed to establish their chemical identity, which would throw some more light on the 
processes occurring during LDH formation. 
 2) The assumption of partial hydrolysis of HMTA can be verified by increasing the 
amount of HMTA in the experiments where complete formation of LDH is expected (1.5M 
HMTA per each Al can be increased to 2 or 2.5 and the products can be studied). 
 3) Urea method of homogeneous precipitation can be repeated with half the amount of 
urea required for the formation of LDH and the products be studied to see the similarities and 
differences between that and the HMTA method.  
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 4) The experiments can be conducted with chlorides of metals instead of nitrates to see 
what, if any effects the anion has on the mechanism of LDH formation in HMTA method.         
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